of our staff.
The results of this study clearly indicate that pore-size distribution serves as an excellent, sensitive characterization of soil fabric. This fabric, in turn, controls the engineering behavior of the soil. This report shows that the fabric can be controlled by appropriate selection of compaction variables for the soil.
Indeed, it is shown that the most important variable controlling soil fabric is the water content at the time of compaction in relation to the optimum water content for that soil for the equipment and energy being used.
There are presented in this report several correlations that indicate properties can be predicted quantitatively from pore-size distributions. In addition, the prediction of the in-service equilibrium water content of a compacted soil is clearly delineated.
This study suggests we are on the threshold of being able to assure a given property magnitude in the field compacted soil in-service. The pore-size distribution is the vehicle that will allow determination of the compaction procedures that will create the suite of properties that the engineer desires for that project.
A plan is presented to introduce the findings of this study to the practitioner . This Final Report is submitted for review and approval as fulfillment of the objectives of this project.
HPR-K20) Part 
Abstract
It is the thesis of this project that the fabric of a soil, i.e., the composition and arrangement of constituent particles, controls its engineering behavior. In addition, it is believed that the fabric can be described quantitatively by its pore size distribution. Magnitudes of properties can be predicted using pore-size distributions.
Results of chis study also clearly show that criteria for frost susceptibility based upon grain-size distributions are inadequate; pore-size based criteria are far superior for they acknowledge that a given soil can, and will, exist at many different pore sizes in its existence.
A technique has been presented for the useful prediction of the in-service equilibrium water content of compacted clay.
Pore size measurements in clean sand have been made for the first time by the use of trace amounts of thermally sensitive polymers which allow retention of the sand fabric.
The results of this study suggest we are on the threshold of being able to assure a given property magnitude, in-service, of field compacted soil. The pore size distribution will allow the determination of the compaction procedures that will create the suite of properties that the engineer desires for the project.
Thus it is felt that these results are of sufficient importance and promise to warrant an implementation program. The wish to describe quantitatively the fabric of soil has existed for some time. Mitchell (1956) was among the first to make serious efforts.
Several others, e.g., Martin (1964) , Morgenstern and Tchalenko (1967), and McGown, et al (1980) , have also made contributions to this question. At
Purdue University, research has been conducted for a number of years on characterizing soil fabric by using the distribution of the sizes of the void spaces (pores) in the soil (Ahmed (1971) , Diamond (1971) , Sridharan, et al (1971) , Bhasin (1975) ). This pore-size distribution (PSD), as obtained from mercury porosimetry, has been found to be a sensitive characteristic with much potential for use.
The success with characterization of soil fabric by its pore-size distribution suggested much promise in using these data to understand any phenomenon in which water moves through soil voids. At the same time, then, the matter of water retention in the soil voids would also be treated. , and such testing can be repeated by following these procedures.
The independent variables in the research were:
(a) soil type, (b) compact ive effort, and (c) compaction water content. The dependent ones were:
(a) compacted density (or porosity), (b) , and could be repeated by following the procedures described herein. This study investigates the effects of mineralogy upon permeability.
It also examines whether pore-size distributions can be used to predict what will be the soil suction in-service equilibrium, because suction is related to pore-size; soil suction can thus be related to equilibrium water content in-service by utilizing moisture characteristic curves.
Experimentation
Both naturally occurring soils and artificial mixtures of silt and kaolin (as used by other researchers) were used in this study. The natural soils were compacted by impact compaction, whereas the mixtures vvere prepared by kneading compaction. The natural soil specimens were obtained through the cooperation of researchers at the University of Illinois.
Mercury intrusion was used to obtain the pore size distribution data on freeze-dried specimens. Air permeability was determined on dehydrated samples using "dried" air. By comparing the air permeability to the water permeability for specimens prepared in the same way by other researchers, the effect of soil mineralogy was obtained. Clay content and composition, indeed, had an effect. A correlation between the ratio of air to water permeability and the soil activity was accomplished. Thus, the effects of the mineralogy on permeability were established.
The soil-moisture characteristic curves (i.e., the relation between soil suction and water content) for the natural soils had also been supplied by the University of Illinois researchers. Pore-size distribution data were analyzed and it was shown that they accurately can be used to predict the practical soil moisture characteristic curve. This, then, allows prediction of equilibrium water content in much shorter time.
Conclus ions
There is no single "effective diameter" which characterizes the poresize distribution adequately for correlation purposes. A combination of pore-size distribution descriptors appears to be necessary.
Air permeability can be predicted from pore-size distribution parameters.
The models do not, however, also predict water permeability with any accuracy. A correlation was accomplished between air and water permeability.
Soil activity appears to be a vehicle for accounting for mineralogic effects in permeability prediction by using a correlation between activity and the air to water permeability ratio. The samples of the field compacted soil from which the tested specimens for this task were taken had all been obtained by drivesampling techniques. In a companion HPR project push-samples had also been obtained in order to learn if drive-sampling produced more sample disturbance. This task did not test the push-sample specimens because of timing and personnel difficulties.
The companion project examined the unconfined compression strengths of specimens taken by both sampling methods.
Statistical examination of the results indicated no significant difference could be discovered in the strengths obtained by the 2 sampling methods. We concluded that the drive sampling technique produced samples that are the equivalent of those taken by the push technique in this compacted clay.
Cone lusions
Pore-size distribution curve descriptors involving the logarithm of the 50th and 70th percentile diameter and the percentage of pore volume that was intruded were the most useful for comparisons. The descriptors were affected primarily by the deviation of the compaction water content from the optimum for the respective compaction variables. Energy and energywater content interaction terms wore also significant .
The fabrics produced by the 2 laboratory compaction procedures were statistically the same. The fabrics of the laboratory compacted soil were statistically different from those of the field compacted soil; the differences were more pronounced on the dry side of optimum water content.
Statistical differences in fabrics also were found be to produced by the 
where G(x.) = e (- 
Conclusions
The technique for preparation of specimens of cohesionless soils appears to have been successful. The new model for prediction also performed well and appears to be valid for both sandy soils and the soils of low plasticity used by previous researchers.
The large pore mode and its probability density appear to be excellent indicators of changes in fabric produced by changes in soil compaction variables. The pore size density function in the small pore region may serve as a signature of clay "type", but only the presence of kaolin was involved in this study.
Correlation of PSD with Other Soil Properties
The original motivation for the project involved the idea that fabric controls clayey soil behavior, and that PSD is a measure of the fabric.
with PSD characteristics. It is reported that PSD varies with variations in compaction variables, but the quantitative relations were not developed.
In the companion project, previously described, the properties of the compacted soil were correlated with the compaction variables, and the correlations are quantitative in the form of "prediction equations for the properties".
Task D of the subject project serves as a bridge between the 2 projects. This task created PSD descriptors which related PSD to compaction variables for the soil for which (many) properties data existed. Correlations were attempted for the A-6 ; A-7-6 soil of moderate plasticity between PSD descriptors and properties. The results are presented in Table 1_ .
Correlation of Fabric Descriptors with Compaction Variables
The correlations are good between pore-size descriptors and the various property magnitudes for compacted soil behavior. Each property appears to have its own relationship with the various descriptors, and, thus, is controlled differently by the fabric.
It has been the thesis of this project that fabric is created and controlled by the variables of compaction. The pore-size descriptors are a measure of the nature of the fabric. Thus, to determine the relations between the descriptors and the compaction variables, correlations were performed by again using data from both projects. The results follow in Table 2_ .
Each of the descriptors is differently related to the compaction variables. The water content, as related to the optimum water content, is the controlling variable, for it has an overriding control on the descriptors. now determine what characterizations of fabric are associated with that parameter, and, then, using the relationships from this study, prescribe the compaction conditions for the field that will produce that fabric and parameter.
We believe we are on the threshold of being able to directly prescribe compaction specifications to assure given property parameter (s) in-situ, in service. We, however, have assembled the relationships for one (1) clayey soil and for two (2) As an initial step in implementation of the findings of this research and in developing data on more soil and compaction equipment types the following initial implementation plan is proposed:
Wide distribution of the research report.
An information seminar at the IDOH offices in Indianapolis for key personnel from both the IDOH and the FHWA Division.
Assembly at Purdue University of data collected by Indiana highway engineers on behavior properties of field compacted soils and their pore size distributions.
For the longer term, it is hoped that a more extensive implementation program including many more states would be included with some location designated to receive, assemble, and distribute data collected on many soil and compaction equipment types. Development of an implementation package of training materials might then be very appropriate.
Assembly of a large amount of data in the manner of this report would permit an engineer being able directly to determine which compaction specifications will assure him the presence of the behavior parameters he wishes in the field compacted soil. The days of indirect inference can be ended with some plan for systematic assembly such as the one here proposed .
